Abstract Previously, we found that GST-tagged tumor necrosis factor-related apoptosis inducing ligand preferentially killed triple-negative breast cancer (TNBC) cells with a mesenchymal phenotype by activating death receptor 5 (DR5). The purpose of this study was to explore the sensitivity of breast cancer cell lines to drozitumab, a clinically tested DR5-specific agonist; identify potential biomarkers of drozitumab-sensitive breast cancer cells; and determine if those biomarkers were present in tumors from patients with TNBC. We evaluated viability, caspase activity, and sub-G1 DNA content in drozitumab-treated breast cancer cell lines and we characterized expression of potential biomarkers by immunoblot. Expression levels of vimentin and Axl were then explored in 177 TNBC samples from a publically available cDNA microarray dataset and by immunohistochemistry (IHC) in tumor tissue samples obtained from 53 African-American women with TNBC. Drozitumab-induced apoptosis in mesenchymal TNBC cell lines but not in cell lines from other breast cancer subtypes. The drozitumabsensitive TNBC cell lines expressed the mesenchymal markers vimentin and Axl. Vimentin and Axl mRNA and protein were expressed in a subset of human TNBC tumors. By IHC, *15 % of TNBC tumors had vimentin and Axl expression in the top quartile for both. These findings indicate that drozitumab-sensitive mesenchymal TNBC cells express vimentin and Axl, which can be identified in a subset of human TNBC tumors. Thus, vimentin and Axl may be useful to identify TNBC patients who would be most likely to benefit from a DR5 agonist.
Introduction
Breast cancer is a heterogeneous group of diseases that may be stratified into subtypes based on the presence of distinct molecular markers [1] . Approximately 60-70 % of breast cancers are estrogen receptor (ER) or progesterone receptor (PR) positive, and 15-30 % of cases have amplification and overexpression of the human epidermal growth factor receptor 2 (HER2) protein [2] . Additionally, 10-15 % of breast cancers are termed ''triple negative'' due to the absence of ER and PR expressions and HER2 amplification [2] . Most triple-negative breast cancers (TNBC) are characterized by an aggressive presentation and inferior survival outcomes, especially in the relapsed or metastatic setting [3] [4] [5] . The TNBC subset is over represented in African-American women and accounts, in part, for the worse outcomes in this group [3, 4] . Unlike the treatment strategies available for ER and/or PR expressing or HER2 amplified subsets of breast cancer, effective targeted therapies have yet to be developed for TNBC. In the absence of a targeted therapy with which it may be combined, chemotherapy is currently the standard of care for this patient population [6] . There is a clear need to develop effective, targeted therapies for TNBC.
Extensive characterization has revealed remarkable diversity in the molecular attributes of TNBC [7] [8] [9] [10] . The majority of TNBC is basal-like, which is characterized by elevated expression of keratins 5/6 and 17, TP53 mutation, aberrations in DNA repair pathways (e.g., BRCA1 loss), and pro-proliferative gene expression [7] . Pre-clinically, basallike TNBC cell lines have been further segregated into basal A (epithelial) and basal B (mesenchymal) subtypes [9] . While the basal A subtype retains a more epithelial phenotype, the basal B subtype possesses stem cell-like characteristics and also preferentially expresses specific markers, including the intermediate filament protein vimentin and receptor tyrosine kinase Axl [9] . Subsequent studies have explored using vimentin [11] [12] [13] [14] or Axl [15] as TNBC/basallike biomarkers in human breast tumors. Vimentin has been a particularly robust biomarker for TNBC, and vimentin and Axl have been associated with poor prognosis [11] [12] [13] [14] [15] .
Previously, we determined that basal B TNBC cell lines were the most sensitive breast cancer subtype to tumor necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL) while breast cancer cell lines representative of the other subtypes of the disease remained comparatively resistant [16] . TRAIL induces apoptosis via ligand binding to the death receptors, DR4 and 5 (a.k.a. TRAIL receptor 1 and TRAIL receptor 2, respectively), which results in the formation of the death-inducing signaling complex (DISC) and recruitment and activation of caspase-8 [17] . In some cells, the mitochondrially mediated apoptotic pathway may also be activated downstream of DR activation by caspase-8-mediated cleavage of Bid, resulting in mitochondrial outer membrane permeabilization, apoptosome formation, and caspase-9 activation [17] . Both caspases-8 and -9 are then able to directly activate the executioner caspases-3/7, culminating in apoptosis [17] . Interestingly, TRAIL has been found to kill transformed cells while resulting in little or no toxicity to normal cells in vitro and little toxicity in vivo [18, 19] . The available clinical evidence suggests that TRAIL receptor agonists, either as monotherapy or in combination with other agents, are generally well-tolerated but exert limited efficacy in unselected patient populations [20] [21] [22] [23] [24] [25] . Thus, further drug development of TRAIL receptor agonists will require predictive biomarkers to identify subsets of patients with tumors most likely to respond to these agents.
Given the preclinical observation that basal B TNBC cells are sensitive to TRAIL [16] , we have sought to specifically investigate the sensitivity of breast cancer cell lines to drozitumab [26] , a monoclonal DR5-specific TRAIL receptor agonist antibody, and to explore the expression levels of biomarkers that may correlate with sensitivity, including vimentin and Axl. We then aimed to investigate the expression levels of those biomarkers in publically available cDNA microarray data sets and by immunohistochemistry (IHC) in breast cancer tissues derived from African-American women. The goal of this study is to evaluate sensitivity to drozitumab in cell lines representative of the different subtypes of breast cancer (i.e., ER-positive, HER2-amplified, and TNBC), identify biomarkers of sensitivity to drozitumab, and characterize expression of those biomarkers in human breast cancer.
Materials and methods

Cell culture
The HCC1937, BT20, and MB157 cell lines were obtained from Reinhard Ebner (Avalon Pharmaceuticals, Germantown, MD). The MCF7, ZR75-1, T47D, MB453, SKBR3, HCC1953, MB468, HCC38, HS578t, and MB231 cell lines were obtained from American Type Culture Collection (Manassas, VA, USA). All cancer cell lines were grown in RPMI 1640 base media plus 10 % fetal calf serum, 100 units/mL of penicillin, and 100 units/mL of streptomycin. Primary non-transformed HMEC1 cells were obtained from Lonza (Cat # CC-2551, Basel, Switzerland) and grown in the HMEC media (Cat # 3150) obtained from Lonza. hTERT-HME1 cells were generously provided by Jeffery Green at National Cancer Institute and maintained in the same media as the primary HMEC cells.
Inhibitors
ZVAD-FMK, a pan-caspase inhibitor (Cat # P416, Biomol International, Plymouth Meeting, PA), was reconstituted in DMSO and used at 100 lM concentration. Drozitumab, a monoclonal DR5 agonist antibody, and the vehicle control [0.5 M arginine succinate, 20 mM Tris, 0.02 % Tween 20 (pH 7.2)], were kindly provided by Dr. Avi Ashkenazi (Genentech, Inc., South San Francisco, CA).
siRNA transfections
A pool of siRNAs for Axl (Cat # L-003104-00-0005), vimentin (Cat # L-003551-00-0005), and a matched non-targeting control (Cat # D-001810-10-20) were obtained from Dharmacon (Thermo Fisher Scientific, Waltham, MA). A pool of siRNAs for DR4 (Cat # 1027417-SI00056728), DR5 (Cat # 1027417-SI03094063), and a matched non-targeting control (Cat # 1027281) were obtained from Qiagen (Valencia, CA). MB231 cells were plated on 10 cm tissue culture dishes and grown in RPMI supplemented with 10 % FBS for 48 h prior to transfection. Reverse transfections were performed by incubating siRNA's at a final concentration of 33 nM in 7.5 ml of Opti-MEM media (Thermo Fisher Scientific, Grand Island, NY) with 37.5 ll of Lipofectamine RNAiMax transfection reagent (Cat # 13778-150, Thermo Fisher Scientific, Grand Island, NY). After a 20-min incubation at RT for complex formation between the RNAiMax and the siRNA, cells (1.5 mls at 1.0 9 10 6 cells/mL in RPMI supplemented with 10 % FCS) were added to the siRNA mix and distributed to 96 well plates with a final cell concentration of 5000 cells/well. Cells for immunoblot analysis were distributed to 6 well plates at 500,000 cells/well. The cells were incubated for 48 h. After 48 h cells were either treated with GST-TRAIL or drozitumab. For GST-TRAIL treatment experiments, GST-TRAIL was added to transfected cells at a final concentration of 0, 250, and 1000 ng/mL. For MTS assays cells were incubated with GST-TRAIL for 24 h for the Axl and vimentin siRNA tranfections and 72 h for the DR4 and DR5 siRNA transfections. For caspase-3/7 assays, cells were incubated with GST-TRAIL for 1 h. For drozitumab treatment, F(ab')2 fragment goat anti-human IgG (Cat # 109-006-098, Jackson Immunoresearch, West Grove, PA) was added to the cells at a final concentration of 10,000 ng/mL. Immediately following F(ab')2 addition, drozitumab was added to the transfected cells at a final concentration of 0, 2500, and 10,000 ng/mL. Control cells were treated with F(ab')2 alone ? drozitumab vehicle at 10,000 ng/mL. Cells were incubated with drozitumab for 72 h for the MTS assays, for 24 h for caspase-3/7 assays, and for 3 h for caspase-8 assays.
Viability assay
Cells were plated overnight in 96 well plates and then treated under the experimental conditions described in the body of the text. Viability was subsequently determined using the CellTiter 96 AQueous One Solution Cell Proliferation Assay (Cat # G3582, Promega Corporation, Madison, WI) as previously described [16] . At least three independent experiments were carried out and included six replicates per experiment. Results are provided as the mean ± SE of at least three independent experiments.
Caspase-Glo
Ò assays
Cells were treated with GST-TRAIL or drozibumab as indicated in the text and figure legends. For caspase inhibition, cells were preincubated with 100 uM ZVAD-FMK or DMSO for 2 h and subsequently incubated overnight with 2500 ng/mL drozitumab or 2500 ng/mL drozitumab plus 10 lg/mL F(ab')2. Caspase activity was assessed using the Caspase-Glo Ò 3/7 assay system (Cat # G8092, Promega Corporation, Madison, WI) and/or Caspase-Glo Ò 8 assay system (Cat # G8202, Promega Corporation, Madison, WI) as previously described [27] . Three independent experiments normalized to the control cells ± SE were performed.
Lysate preparation and immunoblotting
Cell lysate preparation and immunoblotting were performed as previously described [16] . Rabbit monoclonal antibodies to Axl (Cat # 4566, Cell Signaling, Beverly, MA) and ER alpha (Cat # 8644, Cell Signaling, Beverly, MA); rabbit polyclonal antibodies to DR4 (Cat # GTX28414, GenTex, Inc, Irvine, CA), DR5 (Cat # 2019, ProSci Inc, Poway, CA), ERBB2 (Cat # Rb103P0, Thermo Scientific, Pittsburgh, PA), and PARP (Cat # 7150, Santa Cruz Biotechnology, Dallas, TX); and mouse monoclonal antibodies to b-actin (Cat # A5316, Sigma-Aldrich, St. Louis, MO), caspase-8 (Cat # 9746, Cell Signaling, Beverly, MA), HSP70 (Cat # 7298, Santa Cruz Biotechnology, Dallas, TX), E-cadherin (Cat # 610181, BD Biosciences Pharmingen, San Jose, CA), tubulin (Cat #T9026, Sigma, St. Louis, MO), and vimentin (Cat # 550513, BD Biosciences Pharmingen, San Jose, CA) were used for immunoblotting.
DISC analysis
To examine drozitumab-induced recruitment of caspase-8 to DR5, cells were incubated with drozitumab (10 lg/mL) ? goat anti-human Fc IgG (10 lg/mL; Cat # 109-001-008, Jackson Immunoresearch, West Grove, PA) or with the antihuman Fc IgG alone for 30 min. Cells were lysed as described above, and DR5 was precipitated by adding Protein A/G PLUS-agarose beads (Cat. # 2003, Santa Cruz Biotechnology, Dallas, TX) to the lysate. For the cells that had been incubated without drozitumab, drozitumab and anti-human-IgG were added after the cells were lysed in amounts equal to the amount added prior to lysis of the cells in the drozitumab-treated cells. The cell lysates were tumbled with the agarose A/G beads overnight and then washed 5 times with lysis buffer. The pellet was resuspended in loading buffer and analyzed by immunoblotting as previously described [16] .
To examine GST-TRAIL-induced recruitment of caspase-8 to DR5, cells were incubated with or without GST- TRAIL at 500 ng/mL for 15 min. Cells were lysed as described above, and DR5 precipitated by adding agaroseglutathione (agarose-GSH) beads (Cat # sc-2009, Santa Cruz Biotechnology, Dallas, TX) to the lysate. For the cells that had been incubated without GST-TRAIL, GST-TRAIL was added after the cells were lysed in amounts equal to the amount added prior to lysis of the cells in the GST-TRAILtreated cells. The cell lysates were tumbled with the agarose-GSH beads overnight, and then washed 5 times with lysis buffer. The pellet was resuspended in loading buffer and analyzed by immunoblotting. The immunoblots for these DR5 immunoprecipitations were developed on an Odyssey-Fc imaging system (LI-COR Biosciences, Lincoln, NE) and directly quantitated based on the digital images.
Sub-G1A analysis MB231 cells were plated overnight and subsequently treated with 2500 ng/mL drozitumab, 2500 ng/mL drozitumab plus 10 lg/mL F(ab')2, or equal volumes of drozitumab vehicle or drozitumab vehicle plus F(ab')2. Cell harvesting, propidium iodide staining, flow cytometry method, and data analysis technique were described previously [28] . Three independent experiments normalized to the vehicle-treated control ± SE were performed.
Analysis of publically available microarray data
A single merged superset of 696 samples was created from collating publicly available breast cancer datasets (GSE2034, GSE3494, and GSE 1456) that were conducted on the same microarray platform (Affymetrix Human Genome HGU133A). Based on available clinical metadata, this superset comprised 484 ER-positive, 177 ER-negative (or TNBC), and 15 ERBB2/Her2-positive patients. Twenty patients did not have information (NA). Normalized logtransformed expression values for vimentin and Axl genes were extracted for the 177 TNBC samples, and median centering along with euclidean clustering was applied to generate the heatmap (Fig. 4a ). Spearman's correlation analysis was used to statistically assess the correlation between expression of vimentin and Axl in this subset of TNBC samples. Slides were deparaffinized in xylene and rehydrated in graded alcohols. Antigen retrieval was performed in a pressure cooker for 20 min with citrate buffer (pH 9). Primary antibody was incubated at room temperature for 2 h, and antibody-antigen reaction detected with Dako Envision ? secondary and DAB (Dako, Carpinteria CA). Primary antibodies were vimentin (mouse monoclonal, clone V9, Dako, Carpinteria, CA) at 1:4000 dilution and Axl (rabbit polyclonal, Cat # ab72069, Abcam, Cambridge MA) at 1:100 dilution. Slides were dehydrated in grade alcohols, cleared in xylene and coverslipped.
Slides were imaged with a Hamamatsu Nanozoomer HT (Hamamatsu, Bridgewater, NJ) at 20X resolution. Images were uploaded to SlidePath DIH (Leica, Dublin, Ireland) for annotation and image quantification. Tumor cells were identified and annotated for quantification by inspection. Quantification was performed with TIA, within SlidePath DIH, using a cytoplasmic staining algorithm to quantify DAB intensity. For Axl, the average intensity was normalized for the final output. For vimentin, a threshold intensity was defined, and the number of positive pixels/total number of pixels was used as a surrogate for percent cells staining as the final output. The correlation between the expression of vimentin and Axl protein was determined by Spearman correlation.
Statistical methods for analysis of clinical parameters
This was a retrospective cohort study. A retrospective search was carried out in the database of all women diagnosed with invasive breast cancer at Washington Hospital Center between February 2003 and February 2009. Eligible patients were females aged C18 years, of African-American ethnicity, with a confirmed pathological diagnosis of stage I-IV TNBC. Patient characteristics included age at diagnosis, date of diagnosis, stage, and laterality of disease. Treatment characteristics included the type of surgery (breast conserving vs. mastectomy), chemotherapy (yes/ no), radiotherapy (yes/no), and whether or not patients declined or did not complete chemotherapy and/or radiotherapy. The primary outcomes were disease-free survival (DFS) and overall survival (OS). Cause of death was determined from the electronic patient record. The potential observation time was from the date of diagnosis until the date of death or end of available follow-up information, as recently as April 16, 2014. All information was collected on Excel spreadsheets and stored in password-protected files in accordance with the Health Insurance Portability & Accountability Act (HIPAA) guidelines. The data were cleaned and de-identified. Analyses were performed by a statistician (SMS) in the Biostatistics and Data Management Section of the National Cancer Institute (NCI). The study was approved by the IRB at Georgetown University prior to its initiation.
Fifty-three patients with TNBC were included in analyses to determine the association of Axl and vimentin with clinical outcomes. OS was calculated from date of surgery until date of death or last follow-up. DFS was calculated from the date the patient was identified as being free of disease (at the first or subsequent surgery) until the date of recurrence or date last followed without a recurrence. Patients without a known date of surgery were excluded from analyses, as were patients who were not able to be identified as having a definite date in which they were found to be disease free. Patients for whom it was not able to be determined if they had a recurrence were excluded from the DFS analyses.
The significance of the difference among Kaplan-Meier curves was determined by a log-rank test. Axl, vimentin, and age at diagnosis values were divided approximately into quartiles based on data from all available TNBC patients before being used in actuarial analyses. The groupings thus result in approximate effects and, to the extent they suggest trends, may be refined in subsequent confirmatory analyses.
In general, p values are reported unadjusted for multiple comparisons because they are all considered to be exploratory. However, when patients were analyzed initially by grouped Axl, vimentin, or age values and the results suggested that a preferred, dichotomous division in the groupings would indicate a better prognostic association with the outcome, the resulting p values were adjusted by multiplying by the implicit number of such comparisons performed to identify the final grouping. A Cox proportional hazards model analysis was also performed to determine if Axl or vimentin retained prognostic value after adjusting for other factors which were jointly associated with outcome. All p values are two tailed.
Results
Drozitumab induces apoptosis in breast cancer cells
In our prior work using a recombinant GST-TRAIL fusion protein, we found that the basal B TNBC cells are sensitive to TRAIL-induced apoptosis while other subtypes of breast cancer cells were relatively resistant [16] . GST-TRAIL can activate both DR4 and DR5. To test whether both DR4 and DR5 contributed to GST-TRAIL-induced apoptosis in breast cancer cells we transfected the MB231 cell line with siRNAs for DR4, DR5, or both and then assessed the effects of GST-TRAIL on caspases-3 and -7 activation and viability ( Fig. 1a-c) . GST-TRAIL-induced an 8-10-fold increase in activation of caspases-3/7 and significantly decreased viability (Fig. 1a, b , respectively, white bars). Knockdown of DR5 significantly decreased caspases-3/7 activation and rescued the viability of the GST-TRAILtreated cells compared to cells transfected with a negative siRNA (siNEG) control (Fig. 1a, b respectively, compare the striped bars to the white bars). By contrast, knockdown of DR4 had only a small effect on GST-TRAIL-mediated caspase 3/7 activation or loss of viability compared to the siNEG control (Fig. 1a, b respectively, compare the gray bars to the white bars). Knockdown of both DR4 and DR5 resulted in less caspase activation than the knockdown of either alone but only resulted in a significant decrease at the 1000 ng/mL concentration of GST-TRAIL (Fig. 1 , compare black bars to the striped bars). The knockdown of both DR4 and DR5 resulted in a small, non-statistically significant rescue of viability compared to siDR5 alone (Fig. 1b , compare black bars to the striped bars). Thus the data show that DR5 is the major mediator of GST-TRAILinduced caspase activation and loss of viability. However, DR4 does contribute to GST-TRAIL-induced caspase activation and to a lesser extent to the loss in viability. This is consistent with our previous findings in multiple breast cancer cell lines that DR5 is required for GST-TRAILinduced death of breast cancer cells whereas DR4 was not required for GST-TRAIL-induced death [16] . Thus, to confirm the findings that the basal B TNBC are most sensitive to TRAIL receptor agonists that activate DR5, we evaluated the ability of drozitumab (a fully human anti-DR5-specific TRAIL receptor agonist [26] ) to kill breast cancer cells. We first tested drozitumab for activity on the TRAIL-sensitive, basal B TNBC MB231 cell line. MB231 was treated for 1 and 5 days with vehicle; 10 ug/mL of anti-human IgG crosslinking fragment antigen-binding region (F(ab')2); drozitumab alone; vehicle plus 10 ug/mL of F(ab')2; and drozitumab plus 10 ug/mL of F(ab')2. MTS assays were then used to assess cell viability (Fig. 1d) . Crosslinking drozitumab with F(ab')2 has been reported to potentiate DISC formation, caspases-8 and -3/7 activation, and cell death compared to drozitumab alone [26] . We found that drozitumab ± F(ab')2 killed cells in a dosedependent manner but that crosslinking drozitumab with F(ab')2 decreased viability more rapidly and potently than drozitumab alone. The IC50 of drozitumab plus F(ab')2 after 1 day was *10 ug/mL, and the IC50 after 5 days was *300 ng/ml. By contrast, drozitumab alone did not result in any loss in viability at 1 day post treatment, and the IC50 was *625 ng/ml after 5 days.
To confirm that drozitumab toxicity depended on DR5 and not on DR4, we measured caspase activation and viability of the cells treated with drozitumab after siDR4, siDR5, or siDR4 and siDR5 (Fig. 1e, f) . Drozitumab induced a 2-3-fold increase in activation of caspases-3/7 and significantly decreased viability ( Fig. 1e and f, respectively, white bars). Knockdown of DR5 completely abrogated drozitumab-induced caspase activation and loss of viability compared to siNEG (Fig. 1e, f , compare the striped bars to the white bars). Knockdown of DR4 had no effect on either caspase activation or loss of viability induced by drozitumab compared to siNEG (Fig. 1e, f, compare gray bars to white bars). The knockdown of both DR4 and DR5 was not different from the knockdown of DR5 alone (Fig. 1e, f , compare black bars to the striped bars). Thus drozitumab-induced caspase activation and loss of viability is mediated solely by DR5.
Cleavage of pro-caspase-8 into a mature and active product [29] Drozitumab (ng/ml) Drozitumab (ng/ml) Fig. 1 Drozitumab induces loss in viability via DR5. a-c. MB231 cells were transfected with a non-targeting siRNA (siNEG), an siRNA for DR4 (siDR4), and siRNA for DR5 (siDR5), or an siRNA for both DR4 and DR5 (siDR4/DR5). 48 h after transfection, cells were treated with GST-TRAIL at the indicated concentrations and (a) caspase-3 and -7 activity was measured using the Caspase-Glo Ò 3/7 assay 1 h post GST-TRAIL addition and represents relative activity compared to siNEG-transfected untreated cells (b) viability was measured by MTS assay at 72 h post GST-TRAIL addition and represents viability normalized to siNEG-transfected, untreated cells. c Representative immunoblot showing knockdown of DR4 and DR5. d MB231 cells were incubated with indicated doses of drozitumab vehicle, drozitumab vehicle plus 10 ug/mL F(ab')2, drozitumab, or drozitumab plus 10 ug/mL F(ab')2 for 1 and 5 days (left and right panels, respectively). Viability was assessed using the MTS assay. Data were normalized to the no treatment vehicle control. e, f The siRNA-transfected MB231 cells used in panel a and b were treated with drozitumab?F(ab')2 48 h after transfection and d caspase-3 and -7 activity was measured 24 h post drozitumab addition using the Caspase-Glo Ò 3/7 assay and represents relative activity compared to siNEG-transfected untreated cells (f) viability was measured by MTS assay at 72 h post drozitumab addition and represents data normalized to siNEG-transfected, untreated cells. Viability and caspase activity represent three experiments ±SE. p values shown were calculated using a paired, two-tailed Student's t test activate other caspases, including the executioner caspases-3/7, to carry out the apoptotic program [17] . To investigate the effects of drozitumab on DR5-mediated caspase activation, we measured the cleavage of pro-caspase-8 over time after treatment with drozitumab ± F(ab')2. We also measured in parallel the cleavage of PARP, a caspases-3/7 substrate whose cleavage is a hallmark of apoptosis (Fig. 2a) [30] . The loss of the precursors and the appearance of cleaved product for both caspase-8 and PARP were more rapid and greater for drozitumab?F(ab')2 than for drozitumab alone. Drozitumab?F(ab')2 was able to robustly induce cleavage of caspase-8 and PARP after 30 min of treatment while drozitumab alone required 1 h of treatment to attain comparable levels of cleavage (Fig. 2a) . At later time points (i.e., 2-8 h) the loss of the precursors was greater in cells treated with drozitumab?F(ab')2 than it was for drozitumab alone, consistent with greater activation of the DR5 receptor by the F(ab')2-crosslinked drozitumab (Fig. 2a) . These findings are consistent with earlier studies indicating that the addition of F(ab')2 to drozitumab more rapidly induced caspase activation than drozitumab alone [26] . The dependence of drozitumab-mediated toxicity on caspase activation was further explored by measuring caspases-3/7 activity and viability in MB231 cells in the presence or absence of pre-treatment with the pan-caspase inhibitor ZVAD-FMK (Figs. 2b, c respectively) . Caspase activation was measured using a luminescent caspases-3/7 assay (Fig. 2b) . Drozitumab induced an *2.5-fold increase in caspases-3/7 activity, compared to vehicle alone (Fig. 2b) . F(ab')2 crosslinked drozitumab induced an *3-fold increase in caspases-3/7 activity compared to vehicle-treated cells (Fig. 2b) . F(ab')2 alone did not induce any caspases-3/7 activity compared to vehicle-treated cells (data not shown). The addition of the pan-caspase inhibitor ZVAD-FMK completely blocked the increase in caspases-3/7 activity induced by drozitumab or F(ab')2 crosslinked drozitumab (Fig. 2b) . In parallel experiments, pre-treatment of the cells with ZVAD-FMK completely rescued the viability of the cells treated with either drozitumab or F(ab')2 crosslinked drozitumab (Fig. 2c) . Together these findings demonstrate that drozitumab or F(ab')2 crosslinked drozitumab promotes caspase-dependent loss of viability in the cells.
To confirm that drozitumab induces apoptotic cell death, sub-G 1 DNA content was measured in MB231 cells treated Fig. 2 Drozitumab-induced cell death is caspase-dependent apoptosis. a MB231 cells were incubated with drozitumab or drozitumab plus 10 lg/mL F(ab')2 until cells were harvested for protein isolation at the indicated time points (hours). Immunoblot analysis was used to characterize caspase-8 and PARP cleavage. Tubulin was used as a loading control. b MB231 cells were pre-treated with vehicle or the pan-caspase inhibitor ZVAD-FMK (100 uM) for 2 h and subsequently treated overnight with drozitumab or drozitumab plus F(ab')2. Caspase-3 and -7 activity was subsequently measured using Caspase-Glo Ò 3/7 assay system. c Cells were treated as in 2b, with the addition of drozitumab vehicle and drozitumab vehicle plus F(ab')2. Cells that were subsequently incubated for 5 days before viability was assessed via MTS assay. d MB231 cells were treated with 10 ug/mL drozitumab vehicle, drozitumab vehicle plus F(ab')2, drozitumab, and drozitumab plus F(ab')2 for 2 days. Cells were stained with propidium iodide and underwent FACS analysis to assess sub-G1 DNA content. All data were normalized to the treatment control for each experiment and are the average of three experiments ±SE
with drozitumab or drozitumab?F(ab')2 for 48 h. Drozitumab and F(ab')2 crosslinked drozitumab substantially increased the percentage of cells with sub-G1 DNA content by 4-5-fold compared to their respective controls (Fig. 2d) . F(ab')2 crosslinked drozitumab did not induce significantly different levels of sub-G1 cells and in fact the percentages were overall slightly lower. This could reflect a more rapid cell death kinetic in the cells treated with F(ab')2 crosslinked drozitumab, resulting in fewer cells with sub-G1 content at 48 h. In summary, drozitumab induces caspase-dependent apoptotic cell death. Activation of the apoptotic machinery is more rapidly and potently activated with the addition of the F(ab')2 crosslinking agent to drozitumab.
Drozitumab preferentially kills basal B TNBC cells
We have previously shown that cell lines that represent TNBC with mesenchymal features (basal B TNBC cells) are the most sensitive to GST-TRAIL-induced apoptosis [16] . To explore the sensitivity of breast cancer cells to drozitumab a panel of 14 breast cancer cell lines representative of the different subtypes of disease were treated with drozitumab ± F(ab')2 for 5 days. Viability was then measured by MTS assay (Fig. 3a) . Drozitumab induced loss of viability in every basal B TNBC cell line tested (HCC38, HS578t, MB157, and MB231), and F(ab')2 crosslinking of drozitumab increased the loss of viability (Fig. 3a) . Drozitumab with or without crosslinking did not induce loss of viability in the ER-positive, HER2-amplified, and the basal A TNBC cell lines (Fig. 3a) . In parallel, we assessed the expression of protein markers to confirm the phenotype of the cells (Fig. 3a, immunoblot shown below bar graph). Expression of ER and HER2 confirmed the identification of cells as ER-positive, HER2-amplified, or TNBC. To further characterize the basal A and basal B subsets of the TNBC, expression of E-cadherin, vimentin, and Axl were measured. E-cadherin is expressed in epithelial cells and vimentin is expressed in mesenchymal cells [31] . Axl is highly expressed in mesenchymal breast was treated with drozitumab vehicle; drozitumab vehicle plus F(ab')2; 10 ug/mL drozitumab; and 10 ug/mL drozitumab plus F(ab')2 for 5 days. Viability was then measured by MTS assay, and cells were harvested for immunoblotting to assess the expression of subtype markers. All data were normalized to the treatment control for each experiment and are the average of three experiments ±SE. b Non-transformed mammary epithelial cells (HMEC1 and hTERT-HME1) were treated with drozitumab?F(ab')2 at the indicated concentrations and viability was measured using an MTS assay at 72 h. c Expression of protein markers were assessed in the nontransformed cell lines by immunoblot using the indicated antibodies. The HS578t (TNBC, vimentin, and Axl positive), MCF7 (ER?, E-cadherin positive), and HCC1954 (Her-2 amplified, Her-2, and E-cadherin positive cell lines were included on the immunoblot as controls for the different antibodies as indicated). MW in kDa is shown to the right of the panels cancer cells [16, 32] . The basal B TNBC all expressed vimentin (Fig. 3a, lanes 11-14) , whereas none of the other cell lines expressed vimentin. Axl was expressed in all of the basal B TNBC and in the basal A TNBC HCC1937 (Fig. 3a, lanes 11-14) . E-cadherin expression was found in the basal B TNBC HCC38 cell line but not in any of the other basal B TNBC cell lines. E-cadherin was expressed in all of the basal A TNBC and ER-positive cell lines (Fig. 3a  lanes 1-3 and 8-10 ). The only HER2-amplified cell line that expressed E-cadherin is the HCC1954 cell line. The viability data and the immunoblots suggest that a subset of TNBC that express that the mesenchymal markers vimentin and Axl are the most sensitive to drozitumab-induced loss of viability. We next investigated the effects of drozitumab on nontransformed human mammary epithelial cells (Fig. 3b-c) . We tested drozitumab-induced caspase activation and loss of viability in primary non-immortalized human mammary epithelial cells (HMEC1) derived from reduction mammoplasty and a telomerase-immortalized, non-transformed HMEC (hTERT-HME1). Drozitumab-induced inhibition of viability in both HMEC1 and hTERT-HME1, although to a lesser extent that in the HS578t basal B breast cancer cell line (Fig. 3b) . Like the basal B breast cancer cell lines (Fig. 3a) both HMEC1 and hTERT-HME1 expressed vimentin and Axl (Fig. 3c, lanes 1 and 2, top two panels) . E-cadherin was expressed at a low level in HMEC1 and at a high level in hTERT-HME1 (Fig. 3c, lanes 1 and 2, third  panel) . Variable expression of E-cadherin was also seen in the basal B breast cancer cell lines (Fig. 3a, see HCC38 vs. the other basal B cell lines). Both HMEC1 and hTERT-HME1 had low levels of Her-2 expression and did not express estrogen receptor (Fig. 3c, lanes 1 and 2, fourth  and fifth panel) . Thus the two non-transformed lines phenotypically resemble the basal B breast cancer cell lines and are sensitive to drozitumab.
Axl negatively regulates drozitumab-induced caspase activation and loss of viability
To investigate the role of vimentin and Axl in drozitumabinduced caspase activation and cell death, we transfected the basal B MB231 cell line with siRNAs targeting either vimentin or Axl (Fig. 4) . Knockdown of vimentin did not significantly affect either drozitumab-induced caspases-3/7 activation or loss of viability compared to the siNEG control (Fig. 4a, b , compare the black bars to the gray bars). By contrast knockdown of Axl resulted in greater drozitumabinduced activation of caspases-3/7 and loss of viability compared to siNEG (Fig. 4a, b , compare the striped bars to the gray bars). Similar effects of Axl and vimentin knockdown were shown for caspases-3/7 activation by GST-TRAIL ( Supplementary Fig. 1a) . A representative immunoblot of the siRNA knockdown of vimentin and Axl is shown in Fig. 4c . We next looked at the activity of the initiator caspase-8 and found that knockdown of Axl significantly increased drozitumab-induced caspase-8 activation compared to siNEG control (Fig. 4d , compare the striped bars to the gray bars). The knockdown of vimentin did not significantly affect drozitumab-induced caspase-8 activation (Fig. 4d , compare the black bars to the gray bars). A representative immunoblot of the siRNA knockdown of vimentin and Axl is shown in Fig. 4e . Thus, Axl negatively regulates drozitumab-induced caspase activation and loss of viability while vimentin does not regulate either ligand-induced caspase activation or cell death.
To investigate whether Axl affected the formation of the death-inducing signaling complex (DISC) induced by drozitumab, we measured the recruitment of caspase-8 to DR5 upon drozitumab treatment. DR5 precipitated from cells treated with drozitumab?anti-Fc antibody co-precipitated caspase-8 precursor and the cleaved activated forms while DR5 from untreated cells did not (Fig. 4f , compare lanes 4 and 6 to lanes 3 and 5, respectively). To quantify these bands, we measured the intensity of the sum of the caspase-8 precursor and cleaved caspase-8 bands divided by the intensity of the sum of the two DR5 bands in the DR5 precipitations all normalized to the cells treated with the non-targeting siRNA (siNEG). The ratio of caspase-8/DR5 was higher in the cells in which Axl was knocked down compared to those treated with siNEG (Fig. 4f , see numbers below lanes 4 and 6). A similar result was seen in cells activated by GST-TRAIL (Supplementary Fig. 1b) . The ratio of caspase-8/DR5 was higher in GST-TRAIL-activated DR5 pulldowns from cells in which Axl was knocked down ( Supplementary Fig. 1b , see numbers below lanes 5 and 7). Across four experiments there was a consistent increase in the ratio of caspase-8/DR5 when Axl was knocked down with an average relative change of 1.73-fold ± 0.22 (Supplementary Fig. 1c) . Thus it appears that Axl inhibits drozitumab and GST-TRAIL-induced caspase activation and cell death at least in part by negatively regulating caspase-8 recruitment to DR5. A previously published study described Axl-mediated inhibition of caspase-8 activation by interaction with DR5 at the DISC [33] . We did not see any coimmunoprecipitation of Axl with DR5 (Fig. 4f, lanes 3-6;  Supplementary Fig. 1b, lanes 4-7) .
Vimentin and Axl are expressed in human TNBC
In order to characterize vimentin and Axl expression in TNBC tumors, we investigated transcriptional and protein expression levels from human TNBC tumors. mRNA expression of vimentin and Axl was evaluated in TNBC tumor biopsies from 177 patients derived from three-merged publically available cDNA microarray data sets that utilized the same microarray platform for analysis (Fig. 5a ) [34] [35] [36] . Of the 177 TNBC samples, *43 and *41 % samples had high mRNA expression of vimentin and Axl, respectively. Approximately 39 % of TNBC samples expressed high levels of both vimentin and Axl mRNA. The expression of vimentin and Axl showed strong correlation in the TNBC samples from these merged data sets (r = 0.6; p \ 0.0001). These findings confirm that vimentin and Axl are transcriptionally expressed in a subset of human TNBC breast tumors.
The mRNA expression of vimentin and Axl in tumors described above could be in either the tumor cells or the stroma. In order to demonstrate that expression of vimentin and/or Axl was in the tumor cells, we performed IHC in Table 1 ). The median age at diagnosis was 56 years (range: 31-72). The majority of patients had either stage II or III disease at diagnosis (n = 46; 86.8 %), and most patients received chemotherapy (n = 50; 94.3 %). A substantial proportion of patients received neoadjuvant chemotherapy (n = 21; 39.6 %). Approximately one-third of participants (16/53 = 30.1 %) declined or did not complete chemotherapy, a finding which is likely related to complex socio-economic factors in this patient demographic. Thus a subset of TNBC can be identified that express vimentin, Axl, or both. We were able to identify vimentin and Axl expression in the tumor cells and differentiate between expression in tumor and stroma. We observed combinations of low Axl and low vimentin, high Axl and low vimentin, low Axl and high vimentin, and high Axl and high vimentin in the tumor cells (Fig. 5b) . The expression of vimentin and Axl protein was only weakly correlated in the IHC data set (r = 0.29; p = 0.035) (Fig. 6) . However, approximately 15 % of tumors expressed high levels of both vimentin and Axl (as defined by expression in the top quartile for both) (Fig. 6 ). These findings demonstrate that a subset of TNBC with high vimentin and Axl protein are identifiable using IHC.
We reviewed all of the cases to identify adjacent normal terminal ductal-lobular units (TDLUs). We identified three cases with normal TDLUs, for which all three demonstrated positive epithelial and myoepithelial staining for Axl but negative staining in the stroma ( Supplementary  Fig. 2 ). The three cases demonstrated positive stromal and myoepithelial staining for vimentin but no epithelial cell staining within the TDLUs (Supplementary Fig. 2 ). This is consistent with staining patterns of Axl and vimentin reported in the literature for normal breast tissue [37, 38] .
We explored DFS and OS in this cohort of patients with TNBC. DFS and OS were superior in patients with stage I or II disease compared to that of patients with stage III or IV disease. Fig. 7a , b for vimentin and Axl, respectively. High vimentin expression (defined as the top quartile) showed a trend towards an association with improved DFS and a significantly better OS by univariate analysis than those whose tumors had lower vimentin expression (Fig. 7a) . High Axl expression showed weak association with DFS or OS by univariate analysis (Fig. 7b) .
Among these patients with TNBC, the following parameters were associated with at least a trend towards significance with respect to DFS in univariate analyses: Axl (\0.669 vs. [0.669); vimentin (\=0.1455 vs. [0.1455); age (29-55 vs. [55); stage (I,II vs. III, IV); neoadjuvant treatment (none, not applicable vs. yes); and response to neoadjuvant therapy (progression vs. anything else: PCR, residual, not applicable). Response to neoadjuvant therapy was excluded from further consideration for models. Since the best division only consisted of 3 patients with progression with the rest in a combined category, the generalizability of the parameter was limited. Using backward elimination, Cox multivariable analysis led to a model showing that vimentin[0.1455 was associated with superior (Table 3) .
Discussion
The results presented here demonstrate that the DR5 receptor agonist drozitumab induces caspase-dependent apoptosis in basal B TNBC but not in cells from other subtypes of breast cancer (Figs. 1, 2, and 3 ). The addition of crosslinking F(ab')2 to drozitumab more rapidly and potently induced loss in viability than drozitumab treatment alone, consistent with previous findings [26] . Crosslinking of drozitumab, mediated by leukocyte Fc gamma receptor expression, is required for activity of drozitumab in vivo [39] . The killing of basal B TNBC by drozitumab is concordant with our previous data demonstrating that a recombinant form of the natural ligand, GST-TRAIL, selectively induced apoptosis in basal B TNBC through activation of DR5 [16] . Thus, both recombinant TRAIL and an agonist antibody to DR5-induced apoptosis in this subset of breast cancer cells. While both DR4 and DR5 can be activated by the GST-TRAIL ligand used in our prior study, DR5 is the predominant death receptor activated by GST-TRAIL in breast cancer cells (Fig. 1a-c) [16] . The basis for the DR5 selectivity of GST-TRAIL is unclear but could be due to either absolute expression levels of DR5 versus DR4 or the relatively higher affinity of DR5 for TRAIL [40] . The results using drozitumab, a specific DR5 agonist, are consistent with our previous observation that TRAIL receptor agonists which activate DR5 induce apoptosis in the basal B TNBC cells. TRAIL receptor agonists, including drozitumab, have been tested either alone or in combination with other agents in phase I and II clinical trials. Little clinical benefit has been observed to date [20] . This has led to discontinuation of the development of these agents in many cases. However, none of the clinical trials stratified patients based on potential predictive biomarkers of response, and none specifically evaluated activity in TNBC. In our work, all of the cell lines express either DR4 and DR5, and we did not find any correlation between TRAIL sensitivity and DR4 or DR5 total or surface protein level expression [16, 41] . One study of pancreatic cancer, colorectal cancer, non-small-cell lung cancer, and melanoma cell lines identified low expression of O-glycosylation genes as a potential mechanism of TRAIL resistance [42] . In our previous analysis of the breast cancer cell lines we did not find a correlation between the expression of genes for O-glycosylation and TRAIL sensitivity [16, 41] . Lu et al. demonstrated that epithelial to mesenchymal transition in non-small cell lung cancer cells attenuated DR4 and DR5 apoptotic signaling and further that E-cadherin directly interacts with DR4 and DR5 to facilitate DISC assembly and caspase-8 activation in response to TRAIL in lung, colon, and pancreatic cancer cell lines [43] . However, our findings indicate that the majority of basal B TNBC cell lines express low levels of E-cadherin, express mesenchymal markers such as vimentin and Axl, and are most sensitive to TRAIL (Fig. 3) [16] . These findings suggest that there may be tissue-specific differences regarding sensitivity to TRAIL, requiring the identification of biomarkers relevant to each tissue type [39, 44] .
Transcriptional profiling of the breast cancer cell lines has identified two subsets of basal TNBC, so called basal A and basal B cells [9] . These cell types differed in the expression of either epithelial (basal A) or mesenchymal (basal B) genes. Both our previous work and the current data found that the basal B TNBC cells were selectively killed by TRAIL receptor agonists. These cell lines all expressed the mesenchymal markers vimentin and Axl. The majority of the basal B TNBC cell lines that we tested in this work (Fig. 3 ) and in our previous work [14] cluster with molecular subtypes of TNBC identified by expression analyses that are characterized by mesenchymal features, including the claudin-low TNBC [45] and mesenchymal stem-like TNBC [10] . Mesenchymal markers, including high vimentin and low E-cadherin expression are included in the definition of these subtypes and so our findings are consistent with these classifications [10, 45] . The claudin-low TNBC represents *25-39 % of TNBC, and the mesenchymal stemlike TNBC represents *15 % of TNBC [30, 31] . However, not all of the basal B cell lines are classified as claudin low or mesenchymal stem cell like. The HCC38 cell line, for example, clusters with the basal TNBC in both of these analyses, and the BT549 characterized in our previous study clusters with mesenchymal-like cells in the analysis by Lehmann et al. [30, 31] . Thus the expression of vimentin and Axl identifies a broader group of TNBC that may be sensitive to TRAIL receptor agonists than is identified as claudin low or as mesenchymal stem like.
We investigated whether vimentin or Axl were mechanistically related to the sensitivity to TRAIL receptor agonists in the basal B cell lines. siRNA-mediated knock down of vimentin had no effect on drozitumab or GST-TRAILinduced caspase activation or induction of cell death ( Fig. 4 ; Supplementary Fig. 1a ). This is consistent with our previously published findings [16] . Thus vimentin, while a marker of the breast cancer cells that are most sensitive to TRAIL receptor agonists, is not mechanistically the cause of the cell sensitivity TRAIL receptor agonists.
siRNA-mediated knock down of Axl had a paradoxical effect. While Axl is expressed in the cells most sensitive to TRAIL receptor agonists, the knock down of Axl led to increased sensitivity to drozitumab and GST-TRAIL- induced caspase activation and loss of viability ( Fig. 4 ; Supplementary Fig. 1 ). Mechanistically, we found a modest increase in association of caspase-8 with DR5 when Axl was knocked down ( Fig. 4f; Supplementary Fig. 1b) . Similarly, a study by Hong and Belkhiri demonstrated that Axl inhibited TRAIL-mediated caspase activation and death in esophageal adenocarcinoma cells by inhibiting caspase-8 recruitment to the DISC [33] . Using cells stably overexpressing Axl, they were able to demonstrate that Axl co-precipitated with DR5. We did not find any association of Axl with DR5 in our studies ( Fig. 4f; Supplementary  Fig. 1b ). This could be due to the differences in the cell types studied or to lower sensitivity in our work using endogenous proteins. The mechanism by which Axl inhibits DISC formation in the breast cancer cells will require further study. Non-transformed mammary epithelial cells (HMEC1 and hTERT-HME1) expressed Axl and vimentin like the basal B breast cancer cells and were sensitive to drozitumab-induced loss of viability (Fig. 3b, c) . Most nontransformed breast cell lines have basal features and most closely resemble the basal B cancer cell lines [46] . The normal breast tissue showed distinct patterns of staining for vimentin (predominantly stromal) and Axl (predominantly in the duct epithelial cells) (Supplementary Fig. 2 ). This is consistent with previous descriptions of the localization of these proteins [37, 38] . Interestingly both vimentin and Axl stained the myoepithelial cells (Supplementary Fig. 2 ). Myoepithelial cells are most similar to the basal breast cancer cells [8] so that the coincidence of vimentin and Axl staining in these cells is concordant with the expression of both in the basal B breast cancer cell lines. There have been no reports of any overt breast toxicity and no studies have assessed whether there is any loss of myoepithelial cells in the breast from patients treated with TRAIL receptor agonists.
mRNA and protein expression of vimentin and Axl was found in TNBC tumors and approximately 15 % of the TNBC has high levels of both proteins by IHC (Figs. 5a, b  and 6 ). While the molecular mechanisms that regulate TRAIL sensitivity in breast cancer remain elusive [16, 41] , vimentin and Axl expression identified a subset of TNBC that expresses one or the other of these mesenchymal markers (Figs. 3, 5a, b) . Although vimentin expression has been found to consistently be associated with TNBC [11] [12] [13] [14] , one study found that Axl expression, while associated with aggressive disease, did not segregate with TNBC but was found across ER-negative and ER-positive subtypes [15] . Thus, vimentin may be a more selective marker for the basal B TNBC. Since only a small fraction of the TNBC would be identified by co-expression of vimentin and Axl (*15 % with high levels of both), an unstratified clinical trial would have a majority of the TNBC that are predicted to be resistant to TRAIL receptor agonists and thus more likely to show no benefit to these agents. Thus, vimentin and Axl expression could be used to stratify patients in a clinical trial to test whether our preclinical observations also predict responses to TRAIL receptor agonists in patients.
In an exploratory analysis of the relationship of vimentin and Axl expression to outcomes in 53 African-American women, Axl, vimentin, stage, and response to neoadjuvant chemotherapy were factors found to be potentially associated with OS in univariate analyses while Axl, vimentin, age, neoadjuvant chemotherapy, response to neoadjuvant chemotherapy, and stage were associated with at least trends towards significance with respect to DFS in univariate analyses.
Improved outcomes were associated with early stage and response to neoadjuvant chemotherapy. This latter finding reflects chemosensitivity in TNBC tumors [47] . In the evaluated cohort, high expression of vimentin was associated with improved DFS and OS ( Fig. 7 ; Table 2 ). This finding contradicts published data showing association of vimentin with worse DFS and OS outcomes in this setting. Published data have generally found vimentin expression to be associated with basal and TNBC phenotype, and generally most publications have found worse outcomes or no association with outcome associated with vimentin [11] [12] [13] [14] [15] 48] . Our finding of improved outcome could be due to the small sample size or unknown or unmeasured patient characteristics. Interestingly, the majority of the patients received chemotherapy, many in the neoadjuvant setting. Thus, our findings could indicate that the TNBC that expresses vimentin is particularly sensitive to chemotherapy compared to other TNBC. Our lab previously demonstrated that combining TRAIL and chemotherapy results in increased cytotoxicity in breast cancer cells [49] . Thus, combining TRAIL receptor agonists with chemotherapy may be useful in patients with TNBC and particularly in those TNBC which expresses vimentin and/or Axl.
Our data, combined with the existing evidence, demonstrates that the TNBC cell lines which express mesenchymal markers (i.e., vimentin and Axl) are most sensitive to TRAIL receptor agonists. IHC identifies TNBC tumors with mesenchymal features. Therefore IHC for vimentin and Axl could be used in clinical trials to select patients with TNBC who may derive benefit from TRAIL receptor agonists. Together, these data suggest that TRAIL receptor agonists targeted to basal B TNBC should be explored further in clinical trials.
